I nfection is one of the most devastating complications after a total knee arthroplasty, having an incidence of 1% to 2% and currently being the leading cause of failure of total knee arthroplasty within 2 years of the index procedure. 1 Several strategies have been developed to treat infection after total knee replacement, including antibiotic suppression, irrigation and debridement, 1-stage exchange, and 2-stage exchange. Two-stage exchange remains the gold standard for treatment of infected knee arthroplasty in North America, and eradication rates exceed 90% in most series. 2 The original concept of 2-stage exchange was developed by Insall et al, 3 whose methods evolved into the static spacer technique to prevent interim joint fibrosis. 4 Articulating spacers were later introduced to enhance functional status, maintain range of motion, and improve patient satisfaction. 5 Good clinical outcomes and low reinfection rates have been achieved with articulating spacers. 6 Previous studies have supported the use of articulating spacers for noncomplex and complex patients with bone loss, virulent organisms, and compromised soft tissue envelopes. 7 Despite success with articulating spacers, the optimal articulating spacer construct has yet to be identified. Metal-on-polyethylene (MOP) (Figure  1 ), cement-on-cement handmade (COCH) (Figure 2) , cement-on-cement prefabricated (COCP) (Figure 3) , and cement-on-
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Revision Total Knee Arthroplasty Complicated by Sepsis: A Systematic Meta-Analysis cement molded (COCM) (Figure 4 ) articulating spacers have been used and some are commercially available. The authors performed a systematic review of the literature to determine which method is superior regarding outcome scores, range of motion, infection eradication, reimplantation, and complications.
Materials and Methods

Search Strategy
Extensive electronic searches were conducted with the aid of an experienced medical university librarian in January 2015. The authors searched for 2-stage exchange for infected total knee arthroplasty. The databases searched included MEDLINE, MEDLINE In-Process, EMBASE, BIOSIS, ClinicalTrials.gov, and Cochrane Database of Systematic Reviews. Full-text searching of key surgical journals was also performed. Searches were not restricted by study design, publication year, or language, and conference proceedings and abstracts were included. Reference lists of all included studies were scanned to identify additional relevant studies. Search terms included "infected total knee arthroplasty," "surgery," "two stage," "articulating spacer," and "revision."
Studies performed prior to 1988, not in English, involving 2-stage exchanges performed without a spacer, employing nonclinical outcome measures, involving 1-stage exchanges, and being review articles were excluded. The systematic search generated 282 abstracts from the above-mentioned electronic sources. No additional abstracts meeting the inclusion criteria were identified with the previously described technique. A total of 34 studies met the inclusion criteria ( Table 1) . Data were extracted from these 34 studies. For easier referencing, the Jämsen study was labeled as studies 27 and 28 because the inclusion criteria were equally met for both MOP and COCH.
Methodology, Level of Evidence Assessment, and Assessment of Risk Bias
Two reviewers (J.C.S., G.N.G.) independently screened titles, abstracts, and full-text articles for eligibility, extracted data via a standard form, and evaluated the methodological quality of the articles. Disagreement between the 2 reviewers was resolved through consultation with a third reviewer (G.R.S.). Studies were placed in either the MOP, COCH, COCP, or COCM articulating spacer group. Study design, level of evidence, demographics, number of complex vs noncomplex patients, knee score outcome measures, range of motion, exposure for reimplantation, infection eradication, bone loss analysis, and complications were recorded. Studies were also stratified by level of evidence and level of case complexity. The level of evidence was graded based on the classification introduced by Wright et al. 8 Complex cases
were those with multiple virulent organisms (methicillin-resistant Staphylococcus aureus, methicillin-resistant S epidermidis, vancomycin-resistant enterococci, gram- 
Statistical Analysis
For the subsample of studies that reported each outcome, the mean average, range of averages, and weighted mean of the study sample size were calculated. Few studies reported SDs or SEs, precluding the prediction of inter-study variability by meta-analytic methods. For continuous data, the authors made normal-theory assumptions and used one-way analysis of variance for comparisons. For categorical data, the chi-square test and Fisher's exact test were used for analysis.
results
Patient and Study Characteristics
A total of 974 patients (1016 knees) undergoing a 2-stage reimplantation for infected total knee arthroplasty were identified from the 34 studies (Table 1) . There were 494 spacers in the COCM group, 296 spacers in the MOP group, 129 spacers in the COCH group, and 97 spacers in the COCP group. Among the 34 articles used to evaluate the articulating spacers, there were 1 level II studies, 10 level III studies, and 23 level IV studies ( Table 1 , and 34) of the 34 studies that were reviewed, totaling 939 spacers, included data on adverse events in the postoperative period. There were 161 (17.1%) total complications during the treatment of patients in the 4 groups. The percentages of complications for the 4 types of spacers, with the proportion calculated as the number of complications divided by the total number of knees, were 9.1% for MOP, 16.5% for COCP, 16.6% for COCM, and 17.1% for COCH spacers. On implementation of a chi-square test for differences in proportions, there were fewer spacer-specific complications with the MOP spacer compared with the other spacers (P<.043) and no spacer fractures. Further analysis was performed regarding the types of complications observed and is presented in Table 4 .
discussion
Infection continues to be a devastating complication in total knee arthroplasty and is the leading cause of failed total knee arthroplasty within 2 years of the index procedure.
1 The 2-stage exchange is the current standard of care for treating infected total knee prostheses in North America, having high rates of infection eradication. 2 However, significant controversy exists as to which articulating spacer technique is superior. The current 40, 41 In this systematic review, the results of multiple studies from the available published literature were combined to ascertain outcomes in this cohort.
The authors conducted thorough literature searches and applied current best practice for undertaking systematic reviews. 42 In general, a systematic review is dependent on several factors: a systematic and reproducible search, the methodological quality of the studies assessed and reported, and focused and clinically relevant questions. In this review, the literature search was systematic, involving several databases, and was reproducible, using the search methodology described above. The quality was assessed by classically used level of evidence rating. 8 The focused questions were as follows: Which spacer techniques produce increased interim and postoperative range of motion, and superior outcomes? Do they provide adequate infection eradication rates and ease reimplantation? Which group has fewer spacer-related complications?
Currently, articulating spacer use has gained popularity because it has the potential advantages of maintaining interim joint motion, preventing extensor mechanism shortening, facilitating reimplantation, and improving postoperative function. The authors analyzed interim range of motion among the 4 articulating spacer groups. The COCP group had a decreased range of motion compared with the other groups; this is likely why the final range of motion in the COCP group was inferior to that in the other 3 groups. However, ceramic and ceramic prefabricated spacers have limited size options and may also have contributed to the decreased interim range of motion. The preoperative range of motion was similar between the MOP, COCH, and COCM groups; however, the interim range of motion in the MOP group was statistically superior to that of the COCH and the COCM groups. There are several explanations for this finding. Using an off-the-shelf cobalt-chromium femur and tibial polyethylene component provides multiple size options to improve component fit and maximize coverage of host bone. This increased intraoperative flexibility may facilitate intraoperative gap balancing and joint line restoration, which can be technically difficult with cement-on-cement molds. Furthermore, MOP spacers have a congruent hard and soft bearing articulation with a cam-post mechanism that may facilitate femoral rollback, if a posterior stabilized insert is used. The MOP spacers obviate the need for hand crafting ceramic-on-ceramic spacers, which can be technically challenging and labor intensive. The increased interim range of motion in the MOP group did not translate into an increased final range of motion compared with the other groups (except the COCP group).
The fact that there was no statistically significant difference in Knee Society Scores between articulating groups suggests that there is no functional difference between techniques while the interim spacer is in place. Although the Knee Society Score does extract data on functional outcomes, it may not be specific enough to detect some important factors that may contribute to patient satisfaction while the interim spacer is in place (average for all groups, 14.9 weeks). For instance, partial weight bearing is advised for commercially available COCP spacers, but full weight bearing may be possible with other spacer constructs. Furthermore, instability after placement of an articulating spacer may require a hinged knee brace for ambulation and a walker, which may not be captured by the Knee Society Score. The Knee Society Score lacks specific patientreported satisfaction metrics that may be better identified with patient-reported outcome measures. In future studies, patientreported outcomes may be able to elucidate significant differences in articulating spacer techniques.
When analyzing infection eradication, there was no statistically significant difference between articulating spacer techniques. This is important because MOP spacers have been dogmatically viewed as placing a new foreign body in the knee with theoretically decreased risk of infection eradication. Hofmann et al 5 debunked this line of thinking back in 1995, and these data confirm that using cobalt-chromium and polyethylene as spacer materials is not inferior to using purely cement spacers. The lack of superiority between groups also highlights the fact that achieving infection eradication is multifactorial, involving the quality of debridement, the amount of antibiotics in the cement, the type of antibiotics, the type of bone cement, and whether intramedullary dowels are used in the femoral and tibial canals. As mentioned above, articulating spacers are often used to facilitate implantation of the second stage of the 2-stage exchange for sepsis. 40 The authors analyzed reimplantation among the 4 articulating spacer techniques and found no statistically significant difference in requiring extensile measures to perform reimplantation. They hypothesize that the interim range of motion provided by the articulating spacers leads to improved soft tissue compliance and decreased extensor mechanism scarring and facilitates secondstage implantation that is relatively effective in all articulating spacer techniques.
Although Knee Society Scores and ease of reimplantation were similar among the articulating spacer techniques, the MOP group had statistically fewer mechanical complications compared with the other groups (P<.043). The MOP group also avoided the unique complications of cement spacer fracture and postfracture that were found in the COCM and COCH groups. The MOP group did have 1 spacer dislocation, 1 periprosthetic fracture, and 4 unstable spacer constructs. Although not statistically significant, the COCM group had the highest number of subluxations, cement fractures, and periprosthetic fractures. Interestingly, there were no cement fractures in the COCP group, which may be because prefabricated spacers have relatively low antibiotic concentrations compared with handmade or molded cement spacers. The paucity of antibiotics in the prefabricated cement spacers may have allowed for their improved mechanical properties compared with higher-dosed handmade and premolded spacers.
This systematic review had several confounders, including the inhomogeneous pool from which data were extracted. As mentioned above, there was no standardization between articles regarding the methods by which spacers were fabricated, antibiotic type, antibiotic concentration, intravenous antibiotics, host classification, complex organisms, bone loss, and soft tissue envelope. In addition, determining which patients are truly complex on the basis of resistant organisms, bone loss, and draining sinus tracts may not be specific enough to detect differences between articulating spacer groups. Furthermore, there may be inadequate conduct or reporting in the literature itself, as the majority of the analyzed studies had level III and IV evidence. Also, a large proportion of the studies did not report measures of variability (SD) needed for meta-analysis of continuous data.
Despite these confounders, this analysis offers insight into important clinically relevant questions regarding the superiority of one articulating spacer technique over another, reporting several statistically significant findings that have been confirmed by previous research. These include increased interim range of motion and statistically significant decreased mechanical complications without reduced capacity to eradicate infection with MOP articulating spacers compared with cement-on-cement spacers. Although this information is clinically useful, additional high-level studies are needed to aid in the standardization of treatment for infected knee arthroplasty. Such studies should involve, for example, evaluation of specific infecting organisms and specific treatment regimens, use of patient-reported outcomes to analyze satisfaction with spacer type, systematic review of antibiotic dosing in cement and intravenously, and development of new techniques to treat the most complex patients with Anderson Orthopaedic Research Institute type III bone loss.
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